Cyclic methods of analysis can lead to many advantages, such as low consumption of reagents, minimization of waste, high sample throughput, simple equipment, extended running hours and no contamination of the environment. Flow-injection analysis (FIA) is considered to be a most suitable technique for cyclic methods, i.e., the outlet from the flow-through cell is fed continuously back to the reservoir using a single-line flow system. On this cyclic FIA, the chemical reaction can be easily controlled by fixing the flow rate of a circulating reagent carrier solution and by the constant introduction of a sample solution to the carrier stream. Reproducible mixing of the sample and the reagents can be achieved within the closed flow system, resulting in a highly precise and reproducible signal response. Since the reaction products accumulate in the circulated flow system, a gradual built-up of the background signal produces a continuous baseline shift that limits the useful detection scale. Therefore, elimination of the accumulated reaction products and regeneration of the main reagent are required to maintain a long-running flow system. Some reports have been published concerning cyclic FIA using kinetic (reaction rate) methods 1-4 or the skillful application of electrolysis for removing metal ions. 5, 6 Other reports include the incorporation of an immobilized enzyme column for its effective use. The high cost of enzymes justifies attempts to regenerate and reuse them in the system. [7] [8] [9] [10] [11] Among the analytical methods, although spectrophotometry is the most commonly used in FIA, there appears to be little in the literature concerning cyclic FIA with spectrophotometric detection. To reuse chromogenic reagents effectively, a rapid regeneration system for them is desired under circulating flow conditions.
Introduction
Cyclic methods of analysis can lead to many advantages, such as low consumption of reagents, minimization of waste, high sample throughput, simple equipment, extended running hours and no contamination of the environment. Flow-injection analysis (FIA) is considered to be a most suitable technique for cyclic methods, i.e., the outlet from the flow-through cell is fed continuously back to the reservoir using a single-line flow system. On this cyclic FIA, the chemical reaction can be easily controlled by fixing the flow rate of a circulating reagent carrier solution and by the constant introduction of a sample solution to the carrier stream. Reproducible mixing of the sample and the reagents can be achieved within the closed flow system, resulting in a highly precise and reproducible signal response. Since the reaction products accumulate in the circulated flow system, a gradual built-up of the background signal produces a continuous baseline shift that limits the useful detection scale. Therefore, elimination of the accumulated reaction products and regeneration of the main reagent are required to maintain a long-running flow system. Some reports have been published concerning cyclic FIA using kinetic (reaction rate) methods [1] [2] [3] [4] or the skillful application of electrolysis for removing metal ions. 5, 6 Other reports include the incorporation of an immobilized enzyme column for its effective use. The high cost of enzymes justifies attempts to regenerate and reuse them in the system. [7] [8] [9] [10] [11] Among the analytical methods, although spectrophotometry is the most commonly used in FIA, there appears to be little in the literature concerning cyclic FIA with spectrophotometric detection. To reuse chromogenic reagents effectively, a rapid regeneration system for them is desired under circulating flow conditions.
In a rapid communication, 12 we have proposed a new concept to eliminate the reaction products in a cyclic FIA system. The adoption of a complexing agent (inhibitor) together with a chromogenic reagent makes it possible to regenerate and reuse the main reagent repeatedly. To recognize the new concept and to further test its applicability, a cyclic FIA system has been proposed for the determination of zinc. In order to improve the manipulation and the sensitivity, a water-soluble pyridylazo derivative, [13] [14] [15] [16] [17] is used as a chromogenic reagent. Hayashibe et al. 18 have shown that 5-Br-PAPS is a selective and sensitive reagent for zinc (ε = 1.4 × 10 5 dm 3 mol -1 cm -1 , at 554 nm), and successfully applied it to the determination of zinc in serum using conventional FIA without any preconcentration or separation procedure. The aim of the work described here is a cyclic FIA system for the repetitive determination and/or monitoring of zinc using 5-Br-PAPS and EDTA by spectrophotometry.
Experimental

Reagents
All chemicals used were of analytical-reagent grade, and water was purified in a Millipore Milli-Q system. A zinc standard solution (1000 mg dm spectrophotometry) was purchased from Wako Pure Chemicals (Osaka, Japan). A working zinc solution was prepared by diluting the standard solution so as to have an adequate zinc concentration.
2-(5-Bromo-2-pyridylazo)-5-[N-n-propyl-N-(3-sulfopropyl)-amino]phenol, disodium salt, (5-Br-PAPS) and EDTA disodium salt were obtained from Dojindo Laboratories (Kumamoto, Japan) and used without further purification.
Instrumentation
All cyclic FIA equipments, except for a pump, were previously described. 12 A peristaltic pump (CRP-01, Kurahashi Giken, Kyoto, Japan) was used instead of a double-plunger pump. All of the tubing (0.5 mm i.d.), unions and end-fittings were made of PTFE or PEEK.
Procedure
A typical carrier solution was made up of 100 cm 3 containing 1.0 × 10 -4 mol dm -3 5-Br-PAPS, 5.0 × 10 -5 mol dm -3 EDTA and a borate buffer (0.04 mol dm -3 , pH 8.7). This solution in the reservoir was constantly stirred with the help of a magnetic stirrer. In a repetitive determination, 20 mm 3 of a zinc solution was injected into the reagent carrier stream, which was pumped at a flow-rate of 1.2 cm 3 min -1 . Using a cycle time of 1 min, 60 injections/h were made. The 5-Br-PAPS-Zn(II) complex formed was monitored spectrophotometrically at 552 nm and the response was fed to a strip-chart recorder. The carrier stream was then carried back to the reservoir, ready for recirculation. To evaluate the proposed method, standard zinc solutions (0 -3.0 mg dm -3 ) were injected in triplicate for making the calibration graph, a 3.0 mg dm -3 zinc standard solution was injected 100 times in sequence for regeneration and repetitive determination tests, and finally the standard zinc solutions were injected again for a comparison of the calibration graph with the former one.
Principle
In a batch system, the color-forming reaction of 5-Br-PAPS with zinc in the presence of EDTA does not occur, because the stability constant of EDTA-Zn(II) (log KML = 16.50) is larger than that of 5-Br-PAPS-Zn(II). Whenever a complexing (masking) agent is used in a manual method, it is added to the sample solution and then mixed well in advance of a measurement, so that complexation has sufficient time to occur. In an FIA system, however, all of the reactions must take place nearly simultaneously. Since the rate of 5-Br-PAPS-Zn(II) complex is faster than that of EDTA-Zn(II) complex, 5-Br-PAPS-Zn(II) complex formed when a zinc solution is injected into a carrier stream containing 5-Br-PAPS together with EDTA. EDTA-Zn(II) complex is also formed, but is colorless; we can detect the colored 5-Br-PAPS-Zn(II) complex preferentially. The color intensity of the 5-Br-PAPS-Zn(II) complex is governed by the ratio of two reaction rates, and corresponds to the zinc content. After passing through the flowthrough cell, the dispersion and mixing proceed in a backpressure coil, and the following ligand-exchange reaction occurs between 5-Br-PAPS-Zn(II) and EDTA to release free 5-Br-PAPS, which can be reused repeatedly:
Therefore, the circulation of this method can be continued until the free EDTA in the circulating carrier solution is consumed.
Results and Discussion
Circulating reagent carrier solution
The volume of the circulating reagent carrier solution (reservoir volume) may be dictated mainly by the number of samples to be determined and its approximate content. At the same time, the reservoir is the accumulator of zinc as the EDTA complex in this cyclic FIA system; its volume is desirable to be as small as possible, considering waste water treatment. In this work, the reservoir volume was chosen to be 100 cm 3 , taking into account the stringent requirement from practical processes.
The effect of the concentration of 5-Br-PAPS on the absorbance (peak height) was investigated at pH 8.7 and a flow rate of 1.2 cm 3 min -1 . The concentration of 5-Br-PAPS was varied over the range 1.0 × 10 -5 -2.0 × 10 -4 mol dm -3 . The absorbance increased with increasing the 5-Br-PAPS concentration, although above 1.0 × 10 -4 mol dm -3 no significant increase was observed. Excess reagent concentration is not necessary for this method, because the reagent reacted is regenerated immediately. A 5-Br-PAPS concentration of 1.0 × 10 -4 mol dm -3 was employed for further studies. The concentration of EDTA in the circulating carrier solution is serious, because it affects the sensitivity and repeatability of this method. The effect of the EDTA concentration on the absorbance was investigated. As shown in Fig. 1 , the absorbance decreased with increasing EDTA concentration. This means that zinc reacts with two ligands, 5-Br-PAPS and EDTA, simultaneously when standard zinc solution is injected into the circulating carrier solution.
For a sensitive determination, a low concentration of EDTA is suitable. On the other hand, a reasonable amount of EDTA is necessary to regenerate the free 5-Br-PAPS and to maintain the baseline 518 ANALYTICAL SCIENCES MAY 2005, VOL. 21 constant. In this study, the concentration of EDTA was chosen to be 5.0 × 10 -5 mol dm -3 , half a molar concentration of 5-Br-PAPS, considering the sensitivity and repeatability.
Effect of a reaction coil
A reaction coil was introduced between the outlet of the sample injector and the inlet of the flow-through cell, and the effect of the reaction coil length on the absorbance was investigated. The absorbance decreased with increasing coil length, as shown in Fig. 2 . It is clear that the color-forming reaction of zinc with 5-Br-PAPS occurred immediately when zinc solution was injected into the carrier stream. For a while, the ligand-exchange reaction between 5-Br-PAPS-Zn(II) and EDTA proceeded gradually. Therefore, the detection should be done immediately after zinc injection. It is considered that the proposed method merely uses one of the main features of the FIA technique, so the chemical reaction needs not reach a steady state. The length adopted for subsequent experiments was 40 cm, the minimum length for connecting between the sample injector and the flow-through cell.
Optimization of the cyclic flow system
5-Br-PAPS reacts with zinc in the pH range from 8.0 to 9.5 by forming a complex with the absorption maximum at 552 -554 nm and a molar absorptivity of 1.33 -1.40 × 10 5 dm 3 mol -1 cm -1 . 16, 18 The effect of the pH on the peak height of zinc at different concentrations was investigated with a fixed 1.0 × 10 -4 mol dm -3 5-Br-PAPS concentration in the circulating carrier solution. The pH of borate buffer (0.04 mol dm -3 ) in the carrier stream was changed over 8.0 -9.5, and the peak heights were measured for each concentration level of zinc; the maximum peak heights were found between pH 8.5 -8.9. Therefore, pH 8.7 of borate buffer was chosen throughout the study. [16] [17] [18] The effect of the flow rate on the peak height was studied in the range of 0.5 -1.5 cm 3 min -1 . The peak height increased slightly with increasing the flow rate. Considering the stability of the pump and sampling frequency, the flow rate of the carrier solution was adjusted to 1.2 cm 3 min -1 . In cyclic FIA, an injection loop volume as small as possible was favorable. Because the circulating reagent solution was replaced by the same volume of the sample solution in an injection, the concentration of the chromogenic reagent is diluted with increasing numbers of samples. On the other hand, the sensitivity increased with increasing the volume of the injection loop. An injection loop of 20 mm 3 was selected as a compromise between the sensitivity, the determination range (0 -10 mg dm -3
) and the sample throughput. Other FIA variables were optimized by maximizing the obtained peak height. Table  1 summarizes the optimum experimental conditions.
Calibration graph
Under the optimal conditions given above, the calibration graph was linear over the range of 0.4 to 10.0 mg dm -3 of zinc with a correlation coefficient of 0.9995 (n = 6). The relative standard deviations (RSD) for ten injections of each solution containing 1.0 and 3.0 mg dm -3 zinc were 0.65 and 0.22%, respectively. The obtained detection limit (S/N = 3) was 0.02 mg dm -3 for a 20 mm 3 injection volume. Figure 3 shows typical flow signals recorded without EDTA (A) and with EDTA (B) in the circulating carrier solution. To evaluate the proposed method, firstly the standard zinc solutions (0 -3.0 mg dm -3 ) were injected in triplicate for making the calibration graph; secondarily, a 3.0 mg dm -3 zinc standard solution was injected 100 times in sequence for regeneration and repetitive determination tests; and finally, calibration followed again. As shown in Fig. 3(A) , the baseline absorbance was increased along with an increase of the sample numbers injected, indicating an accumulation of the colored 5-Br-PAPSZn(II) complex in the circulating carrier solution. On the other hand, in the presence of EDTA, no drift of the baseline was observed (Fig. 3(B) ). After passing through the flow-through cell, 5-Br-PAPS-Zn(II) complex was destroyed by EDTA and the free PAPS was regenerated, owing to dispersion and mixing, while flowing in the back-pressure coil. A fast return to the "baseline" conditions depends on a reasonable fast destruction of the 5-Br-PAPS-Zn(II) complex. It is clear that a ligandexchange reaction from 5-Br-PAPS-Zn(II) to EDTA-Zn(II) took place immediately and completely, resulting in a regeneration of the free 5-Br-PAPS, which could be reused in the cyclic FIA system. In another test, the zinc standard solution (2 mg dm -3 ) was injected continuously 300 times. The peak heights and baseline obtained were also constant and stable, and the slopes of the calibration graphs before and after 300 injections were y = 0.075x -0.0305 (R = 0.9992) and y = 0.0748x -0.0309 (R = 0.9969), respectively, which shows good reproducibility and repeatability.
Repeatability
Durability
The durability of the proposed method was evaluated by long-519 ANALYTICAL SCIENCES MAY 2005, VOL. 21 time operation. The system was run continuously for 9 h, and at hourly intervals zinc standard solutions (0 -3.0 mg dm -3 ) were injected and calibrations of zinc were carried out. The results are shown in Fig. 4 . Another test for long-term stability was carried out by making a calibration of zinc for over five days. In this case, the system was tied up and a daily calibration was made after 5 min of warm-up. Precise and reproducible calibrations were obtained in both tests. It is clear that this method is applicable whenever an analysis is needed, and is suitable for such urgent determination and/or monitoring. Another important feature of the proposed method is that after continuous use of the cyclic FIA system for more than five days, no disturbance of the baseline was observed. This fact shows that 5-Br-PAPS and its zinc complex are very stable, and that a long-time operation can be made without any supply of the reagent carrier solution.
Conclusion
A cyclic FIA system for the spectrophotometric determination of zinc with 5-Br-PAPS in the presence of EDTA is described. The main reagent was successfully regenerated, allowing a stable baseline and a repetitive determination of zinc. It should be stressed that a low consumption of the reagents and a reduced volume of the waste are important aspects in today's quest for cleaner analytical methodologies.
